Background/Aims: Elevated production of reactive oxygen species (ROS) is linked to endothelial dysfunction and is one of the key contributors to the pathogenesis of diabetic vascular complications. Emerging evidence has indicated that ellagic acid (EA), a polyphenol found in fruits and nuts, possesses numerous biological activities including radical scavenging. However, whether EA exerts a vasculo-protective effect via antioxidant mechanisms in blood vessels exposed to diabetic conditions remains unknown. Accordingly, the goal of this current study was to determine whether EA decreases vascular ROS production and thus ameliorates endothelial dysfunction in the diabetic milieu. Methods: Intact rat aortas and human aortic endothelial cells (HAEC) were stimulated with 30mM high glucose (HG) with and without EA co-treatment. Endothelium-dependent vasodilation was measured using a wire myograph. Gene and protein expression of non-phagocytic nicotinamide adenine dinucleotide phosphate (NADPH) oxidases 4 (NOX4) were detected using RT-PCR and western blotting, respectively. Oxidative stress was determined by measuring ROS levels using dihydroethidium (DHE) staining. Results: Intact aortas exposed to HG condition displayed exacerbated ROS production and impairment of endothelium-dependent vasodilation, characterizing endothelial dysfunction. These effects were markedly reduced with EA treatment. HG enhanced ROS production in HAEC, paralleled by increased ERK1/2 activation and NOX4 expression. EA treatment blunted the increase of ROS generation, ERK1/2 activation and decreased NOX4. Conclusions: EA significantly decreases endothelial ROS levels and ameliorates the impairment of vascular relaxation induced by HG. Our results suggest that EA exerts a vasculo-protective effect under diabetic conditions via an antioxidant effect that involves inhibition of ERK1/2 and downregulation of NOX4.
Introduction
Vascular complications are the leading cause of morbidity and mortality in both type 1 and type 2 diabetes, and remain one of the major health problems faced by the developed world. Hyperglycemia, characterized by high levels of blood glucose, is the primary contributor in the development of vascular dysfunction in diabetes. Studies from our group [1, 2] and others [3] have demonstrated that high glucose (HG) directly causes vascular dysfunction.
Under HG conditions, vascular endothelial cells (EC) generate high levels of ROS, inflammatory markers, and have impaired nitric oxide (NO) biosynthesis. Together these factors results in an imbalance between vasoconstriction and vasodilation, as well as an inability to regulate vascular tone characterizing endothelial dysfunction, the hallmark of diabetes [4] [5] [6] [7] [8] [9] [10] . HG leading to increased ROS-induced oxidative stress through PKCdependent activation of NAD(P)H oxidase in vascular EC [11] plays a central role in the onset of diabetic micro-and macrovascular disorders. Thus, targeting ROS generation has been considered a potential therapeutic target in diabetic patients.
In the last two decades, the use of anti-hyperglycemic drugs has markedly promoted optimal control of blood glucose, and substantially improved the quality of life for diabetic patients. However, these patients continue to present with macrovascular complications, including atherosclerosis, stroke, and coronary disease [12] [13] [14] . A possible explanation is that anti-hyperglycemic drugs may not decrease oxidative stress effectively. Antioxidant therapy has successfully decreased ROS levels, and improved endothelial dysfunction in an animal model and in type 1 diabetic patients [8, 15, 16] ; however, large scale clinical trials have shown disappointing results with classic antioxidants, including vitamin E, vitamin C, and alpha-lipoic acid, failing to reduce the incidence of vascular complications in patients with type 2 diabetes [17, 18] . These findings indicate that development of new alternative antioxidant approaches to target vascular ROS is needed.
Emerging epidemiological studies have shown an inverse relationship between cardiovascular disease mortality and diets rich in fruits and nuts in epidemiological studies [19] [20] [21] [22] [23] . High levels of many different phytochemicals, including polyphenols, are found in both fresh and processed fruits [24, 25] . One such polyphenol is ellagic acid (EA) which is found in berries, grapes, pomegranates, and nuts. It has received increasing attention in the scientific community due its potential as an anti-inflammatory [26, 27] and antioxidant [28] [29] [30] compound. A recent study has demonstrated that EA lowered blood pressure in hypertensive rats via an antioxidant effect of EA which includes increased nitric oxide synthase (NOS) expression and decreased ROS levels in the plasma [28] .
To date, whether EA exerts a protective role in vasculature exposed to high glucose conditions remains unknown. Accordingly, we hypothesize that EA reduces vascular ROS and consequently improves relaxation in blood vessels exposed to HG conditions through mechanisms that involves downregulation of NADPH oxidases. Results from this current study should provide important insights into the identification of EA as a new antioxidant strategy in preventing the development and/or retarding the progression of diabetes associated vascular complications. 
Organ culture of isolated aortas
After euthanasia with isoflurane (via nasal 5% in 100% O 2 ), thoracic aortas were removed and carefully cleaned of perivascular fat in oxygenated Krebs buffer (130 mM NaCl, 14.9 mM NaHCO 3 , 4.7 mM KCl, 1.18 mM KH 2 PO 4 , 1.17 mM MgSO 4 -7H 2 O, 1.56 mM CaCl 2 -2H 2 O, 0.026 mM EDTA, 5.5 mM glucose, pH 7.4). Aortas were cut into rings (2 mm in length), cultured in Vascular Medium from ATCC (Manassas, VA), and maintained at 37ºC in a 5% CO 2 incubator. Aortas were incubated with 30 mM HG for 24 hours in the presence or absence of 20 uM EA. Concentration of EA was chosen based on previous published reports [31] [32] [33] . 5 mM normal glucose (NG) was used as control. 25 mM mannitol was utilized as an osmotic control for HG treatment. After treatment, some aortic rings were transferred to wire myograph for functional studies and some were embedded in optimal cutting tissue compound Tissue Tek OCT compound (Sakura Finetek, Terrance, CA) to measure ROS.
Vascular Reactivity
After treatment, aortic rings were mounted in a myograph for isometric tension recordings using a PowerLab 8/35 data acquisition system (ADInstruments Pty Ltd., Castle Hill, Australia), equilibrated with Krebs buffer for 30 min, and gassed with 5% CO 2 in 95% O 2 at 37°C, as described previously [34] . In all experiments, aortic ring integrity was assessed by stimulation with 120 mM KCl. To test for the presence of endothelium, segments were contracted with 1 µM PE and once the vessels reached a stable maximum tension, the vessels were stimulated with 10 µM ACh and relaxation was confirmed (greater than 80%). Cumulative concentration-response curves to 1 nM -10 µM ACh were performed in intact aortic rings previously incubated with 30mM HG for 24 hours in the presence or absence of EA. Endothelium-dependent relaxation was recorded for ACh after maximal pre-contraction with 1 µM PE.
Endothelial Cells Culture
Human aortic endothelial cells (HAEC) were purchased from ATCC (Manassas, VA), grown in Endothelial Growth Medium (EGM-2MV) from Lonza (Portsmouth, NH) and maintained at 37ºC in a 5% CO 2 incubator. After reaching confluence, cells were starved for 24 hours in serum-free medium to reach a quiescent state. After this period, cells were pre-treated with 20 µM EA (Sigma Aldrich, St. Louis, MO) and then stimulated with 30 mM high glucose (HG) for 24 hours. Some set of experiments were performed in the presence of PD98059 (10mM, 30 minutes pre-incubation), a potent and selective ERK1/2 inhibitor [35] . As a control, HUVEC were maintained in 5 mM normal glucose (NG). To rule out possible influence of osmotic stress, cells were also incubated in 25mM mannitol.
Immunoblotting
Total proteins were extracted from the cells and utilized for western blotting assay. After standard SDS-PAGE separation of proteins, samples were transferred to PVDF membranes, and immunoblotted with the following primary antibodies: NOX-4 (sc-30141, Santa Cruz Biotechnology, Santa Cruz, CA); NOX-2 (ab129068, Abcam, Cambridge, MA); p47phox (sc-17845, Santa Cruz Biotechnology, Santa Cruz, CA); MnSOD (Millipore, Temecula, CA) and their respective secondary antibodies. Membranes were stripped and re-probed with an internal loading control, β-actin (#4967, Cell Signaling, Danvers, MA). Protein bands were detected using ECL Plus (Amersham Biosciences, Piscataway, NJ). Data are presented as percent (%) of control after normalized to β-actin.
Quantitative real time PCR (RT-qPCR)
Total RNA was extracted using Trizol from HAECs treated with HG and HG plus EA. Total RNA concentrations were determined and RNA was converted into cDNA using the SuperScript III First-Strand Synthesis System (Thermo Scientific). RT-qPCR (Bio-Rad iQ SYBR Green) was performed to analyze relative gene expression of NOX isoforms. According to the standard protocol for SYBR Green, the following primers were utilized: Human NOX1: AAGCCGACAGGCCACAGAT (forward), GTCACATACTCCACTGTCGTGTTTC (reverse). Human NOX2: GCAGCCTGCCTGAATTTCA (forward), TGAGCAGCACGCACTGGA (reverse 
Measurement of reactive oxygen species (ROS)
Production of ROS was detected by 25 µM DHE using method described previously [1] . Briefly, quiescent HAECs were pre-incubated with 20µM EA for 30 min followed by HG treatment for 12 hours. After that, 25 µM DHE was added in the medium and incubated at 37°C for 20 min. A subset of aortas treated with HG was simultaneously incubated with PEG-Catalase (100U/mL) to identify the specificity of DHE to hydrogen peroxide (H 2 O 2 ). After incubation, HAECs were washed with PBS and fluorescence of DHE was detected using an Olympus DP73 fluorescence microscope fitted with a camera. In situ production of ROS of aortic rings treated for 24 hours with HG in the presence of 20 mM EA was also determined using 25 µM DHE. Aortic rings were embedded in Tissue Tek OCT compound (Sakura Finetek, Terrance, CA), slowly snapfrozen in isopentane cooled to -80°C. Cryosections of 5 µm thickness were placed on Superfrost Plus slides (Menzel-Gläzer, Germany). 50 μL of DHE solution was topically applied to each tissue section and the slide coverslipped. The slides were incubated in a light-protected and humidified chamber (37°C, 30 min) before visualizing. Semi-quantitative analyses were performed to detect changes in fluorescence in HAECs or aortic rings using Image Pro Plus software.
Statistical Analysis
All data are expressed as mean ± SEM. Concentration of ACh producing half-maximum relaxation (EC50) was expressed as -log EC50 (pD2 values). One-way repeated measures ANOVA followed by Bonferroni post hoc tests as utilized to compare vascular reactivity. Student's t-test was used when appropriated. p<0.05 was considered statistically significant. The "n" in each experiment represents the different biological replicates.
Results

Effect of EA on HG-induced impaired vasorelaxation
Evidence shows that HG can directly impair vasorelaxation [6, 36] . To determine whether long-term stimulation with HG impairs endothelium-dependent vasorelaxation, we performed cumulative concentration curves to ACh in intact aortic rings incubated with 30 mM HG for 24 hours. ACh-induced relaxation was significantly decreased in aortic rings incubated with HG (Fig. 1A) , compared with those aortic rings vehicle control. HG significantly decreased sensitivity of the aortas to ACh, when compared to aortas control (pD2: 6.25±0.1 vs 6.78±0.1 control group). Together these vascular reactivity results confirm that HG directly causes endothelial dysfunction. To test our hypothesis that EA has a protective effect in the vasculature exposed to HG, vascular reactivity was performed in aortic rings incubated with HG for 24 hours in the presence or absence of 20 mM EA. As shown in Fig.  1B , incubation of aortic rings with EA markedly reduced impaired vasorelaxation induced by HG and ameliorated sensitivity of the aortas, previously exposed to HG, to ACh (pD2: 6.70±0.1 vs. 6.25±01 HG group). EA treatment did not affect the ACh-induced vasorelaxation in aortic rings under NG, vehicle control group (Fig. 1C) . These results suggest that EA plays a vascular protective role in blood vessels under hyperglycemic conditions.
Ellagic Acid reduces HG-induced COX-2 expression
EA has been suggested to possess anti-inflammatory effects that reduce vascular events [37] . Cyclooxygenase 2 (COX-2) is an inflammatory marker that is upregulated in diabetic vasculature. We next investigated the effect of EA on COX-2 expression in HAEC stimulated with HG. We found that exposure to HG increased COX-2 expression in HAEC. This effect was reversed by co-incubation with EA (Fig. 2) . This result confirms that EA has an antiinflammatory effect in the vasculature exposed to hyperglycemic conditions. 
Ellagic Acid suppresses HGinduced vascular oxidative stress
To determine the effects of EA on oxidative stress, we measured ROS production in aortic rings and HAEC treated with HG in the presence and absence of EA. As shown in Fig. 3 , exposure to HG for 24 hours led to ROS overproduction in rat aortas detected by DHE staining, which was significantly reduced in the presence of EA. Staining for DHE was abolished when simultaneously incubated with PEG-Catalase, indicating H 2 O 2 production (Fig. 3) . To confirm that EC are the main source of HG-induced ROS production, HAEC were stimulated with HG in the presence and absence of EA. Likewise observed in the aortic rings, HAEC also exhibited overproduction of ROS when stimulated with HG, which was reduced in the presence of EA (Fig. 4) . HG-induced increased DHE staining was abolished when simultaneously incubated with PEG-Catalase, confirming H 2 O 2 production (Fig. 4) . 
Ellagic acid reduces expression of NOX4
Vascular complications in diabetes are associated with HG-induced increased ROS levels. NADPH oxidases (NOX) are the major source of vascular ROS, including NOX1, NOX2, NOX4 and NOX5 [38] . Thus, we next analyzed the gene expression of NOX isoforms in HAEC stimulated with HG. As shown in Fig. 5 , HG caused a 2-fold increase of NOX4 and 1.5-fold increase in NOX2 gene expression. Treatment with EA markedly decreased NOX4 gene but not NOX2 gene expression. All others NOXs were not altered by HG and EA treatment (Fig.  5) . At protein levels, EA treatment also decreased significantly NOX4 expression (Fig. 6) . We also checked the p47phox expression, a possible source of vascular ROS. No changes were observed with EA treatment (data not shown). EA treatment did not show any effect in antioxidant enzymes, such as MnSOD (Fig. 7) .
Ellagic acid inhibits HG-induced ERK1/2 activation
HG activates MAPKs, mainly ERK1/2 [39, 40] . In order to determine whether EA inhibits HG-induced ERK1/2 activation and consequently NOX4, we examined the levels of , a potent and selective inhibitor of ERK1/2 [42] , was used as a positive control. As shown in Fig. 8 , HG increased phosphorylation of ERK1/2 in HAEC. This effect was significantly reduced by EA and PD98059, confirming that EA reduces HG-induced ERK1/2 activation in endothelial cells. These results together with our data demonstrating that EA reduced NOX4 expression (Fig. 5 and Fig. 6 ) suggest that EA exerts its vascular anti-oxidant effects via inhibition of ERK1/2/NOX4 axis pathway.
Discussion
Oxidative stress is a major contributor towards development and progression of diabetic vascular complications. Intriguingly, most of the conventional antioxidant agents tested in clinical trials have failed to avert the advancement of cardiovascular complications, indicating an urgent need to investigate other potential antioxidants as an alternative therapy. The main findings of this current study are that EA: 1) ameliorates the impaired relaxation induced by HG conditions and 2) markedly decreases endothelial redox machinery, as evidenced by reduced H 2 O 2 production in vessels exposed to HG. This effect was accompanied by decreases in NOX4 expression, one of the major sources of vascular ROS. The present study provides evidence for EA as a potent vascular antioxidant agent and suggests that NOX4 may be a major target of EA. Unlike other antioxidant therapies, EA also possess an anti-inflammatory effect, which shows its potential as an anti-inflammatory and antioxidant therapy to treat vascular complications in diabetes. The novelty of our study lies in elucidating the mechanism by which EA exerts an antioxidant effect in a hyperglycemic vascular environment designed to simulate diabetic conditions.
Hyperglycemic conditions lead to increased oxidative stress and production of proinflammatory mediators on vascular cells resulting in dysfunction of vascular relaxation/ contraction mechanisms [43] . Importantly, some of these effects result from a direct effect of HG on the vasculature. For example, Wu et al. demonstrated that 55 mM HG directly impaired vasorelaxation [36] . Consistent with these earlier reports, we also found that aortas incubated with 30 mM HG, a concentration which mimics glucose levels more closely to that found in diabetic patients with poor glucose control, also displayed impaired endotheliumdependent vasorelaxation. Therefore, these results demonstrate that HG has the ability to directly cause endothelial dysfunction. Besides HG as a trigger of diabetic vascular dysfunction, the crosstalk between EC and vascular smooth muscle cells (VSMC) also plays a crucial role in promoting ROS overproduction and vascular dysfunction [43, 44] . Previous studies have shown that EC exposed to HG display decreased nitric oxide (NO) and increased ROS production [11, 45, 46] . This imbalance between NO and ROS causes marked functional impairment of the vascular relaxation/contraction machinery. As expected, our results from human EC and intact rat aortas revealed that HG significantly increases vascular ROS production. Of note, HG also stimulates ROS production in VSMC as we demonstrated previously [47] . This augmented oxidative state in VSMC promoted by overproduction of ROS derived from EC and VSMC leads to VSMC phenotypic modulation, which is characterized by a switch from a native contractile phenotype to a synthetic proliferative phenotype, resulting in vascular remodeling [43] . Taken together, these results show that contribution of both EC and VSMC is essential for the increased vascular oxidative stress induced by hyperglycemia.
Interestingly, clinical observations have revealed that even in patients with optimal control of blood glucose, vascular complications continue to occur at a higher incidence when compared to the non-diabetic population [48] . One plausible explanation for this phenomenon is that glucose control does not necessarily avert vascular oxidative stress. This has led to the understanding that the production of ROS and increased oxidative stress plays a key role in the pathogenesis of diabetic vascular complications [44] , clearly indicating that reduction of oxidative stress through antioxidant treatment is imperative. However, clinical trials such as the Heart Outcomes Prevention Evaluation (HOPE), the largest trial for the use of antioxidants in diabetes, have demonstrated that most of the conventional antioxidants do not confer clinical benefits to type 2 diabetic patients with cardiovascular complications [16, 49, 50] . Importantly, these trials were not specifically designed to investigate the effect of antioxidants in diabetic patients with vascular complications. Likewise, recent clinical trials testing some antioxidants, such as Resveratrol and Quercetin, which have previously demonstrated benefits in animal and in vitro experimental models, have not shown the same positive results in humans [51] .
NOX are a major source of ROS in the vasculature, and includes NOX1, NOX2, NOX4 and NOX5 isoforms. In the present study, we found that NOX2 [52] and NOX4 were significantly upregulated by the HG state [53] . Further, we investigated which NOX isoforms may be modulated by EA treatment. Surprisingly, our results showed that NOX4 was the only isoform markedly downregulated by EA treatment, suggesting that NOX4 is the vascular antioxidant target of EA. Furthermore, ROS production detected by DHE staining was abolished in the presence of PEG-Catalase, indicating that H 2 O 2 production in hyperglycemic conditions. Together, these results confirm that EA inhibits NOX4/H 2 O 2 axis.
Similarly, other studies have found that drugs with antioxidant properties exert their effects in the cardiovascular system via modulation of NOX4. For example, hydrogen sulfide (H 2 S) exerts its antioxidant effects in cerebrovascular dysfunction via mechanisms that involves downregulation of NOX4 expression [54] . Statins, a lipid-lowering medication, has been reported to exert an antioxidant effect through inhibition of NOXs [55] . In the same manner, a recent study investigating alternative therapeutic approaches to treat nephrotoxicity found that thymoquinone significantly diminished oxidative stress-induced renal tissue damage and this was associated with decreased NOX4 activity [56] . Moreover, reports have shown that increased oxidative stress in cardiovascular disease in aging is mediated mainly by NOX4 [57] . Studies in diabetic mice with nephropathy have also shown that overgeneration of renal ROS is associated with upregulated NOX4 in the kidney cortex upon exposure to high glucose [58] . Increasingly, NOX4 has been proven to be one of the main sources of ROS in vascular disease, suggesting that targeting NOX4 activity and expression may be a potential approach to reduce vascular oxidative stress [59, 60] .
Accumulating evidence suggests that high glucose activates MAPKs, mainly ERK1/2. Most remarkably, it was previously demonstrated that activation of ERK1/2 by diabetic stimuli, such as ox-LDL, directly induces NOX4 expression [61] . In this present study we hypothesized [62] .Therefore, we speculate that EA exerts its vascular anti-oxidant effects via inhibition of ERK1/2/NOX4/ROS axis pathway (Fig. 9) . Together with oxidative stress effects, inflammation also plays a crucial role in the vascular complications in diabetic populations [63] . Studies have demonstrated that there is an increase in serum and tissue inflammatory markers and mediators in the hyperglycemic state [64] , and that hypoglycemic agents exert an anti-inflammatory effect in diabetic patients [65] . EA itself has been studied for its anti-inflammatory effects and previous studies have shown that EA suppressed the production of cytokines, prostaglandins, and other inflammatory markers [66] . In our present study, we have shown that EA decreased expression of COX2, an inflammatory marker, in cells exposed to HG conditions [67] .
While the anti-inflammatory effects of EA are well documented [67] , few studies have examined the antioxidant effects of EA [29, 30] and its possible role in novel therapeutics for cardiovascular complications. Here we report that EA exerts antioxidant and antiinflammatory effects in vasculature previously exposed to HG conditions. These findings provide novel insight into the antioxidant effects of EA in blood vessels under diabetic conditions. Exposure of vascular cells and blood vessels to glucose concentrations ranging from 4.2 g/L (23.1 mM) to 10 g/L (55 mM) for 24 hours resembles the diabetic milieu within cell culture systems [36, [68] [69] [70] [71] and closely mimics a hyperglycemic environment in the vasculature of individuals with diabetes. Several studies have shown that endothelial dysfunction arises even after short-term hyperglycemic injury is inflicted. Shimabukuro et al. demonstrated that one single loading dose of a high glucose meal impaired endothelial function in type 2 diabetic patients [72] .
Ultimately, our results support EA as an antioxidant that may provide benefits to treat diabetic vascular dysfunction. Dietary supplementation with EA has the potential to be utilized as a complementary therapeutic approach in conjunction with the use of current anti-hyperglycemic drugs to treat diabetic patients with high risk to develop vascular complications. These data support further investigation into the clinical possibilities of EA in diabetes care.
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